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Determination of the optical constants of thin
chemical-vapor-deposited diamond windows from 0.5 to 6.5 eV

L. H. Robins, E. N. Farabaugh and A. Feldman

National Institute of Standards and Technology
Ceramics Division
Gaithersburg, MD 20899

ABSTRACT

Transmittance and reflectance spectra of chemical-vapor-deposited (CVD) diamond
windows with thicknesses from 0.4 to 1.9 pm were measured in the 0.5-6.5 eV photon
energy range. The windows were fabricated by microwave-plasma-assisted CVD on
silicon substrates, followed by partial removal of the substrates by etching. Three
spectra were measured for each window, the reflectance of the top surface, the
reflectance of the bottom surface (the surface exposed by etching), and the
transmittance. The optical constants were determined as a function of photon energy
by fitting the data to a model that includes the effects of surface optical scatter.
Root-mean-squared (r.m.s.) surface roughness values were also obtained from the
analysis. The values of the refractive index (n) were found to be comparable to or
slightly less than the values for single-crystal gem diamonds. The values of n were
lowest in the most defective films. The absorption coefficient (e) differs from
that of single-crystal diamond. In some films, substantial absorption occurs in the
visible to near-ultraviolet region (2 to 5 eV) where single-crystal diamond is
transparent. The spectrum of this low-energy absorption is well-described by the
Taucs function, which is used to fit the absorption spectra of "diamondlike"
amorphous carbon materials. There is a steep increase in a at photon energies at
and above the indirect bandgap of diamond (5.5 eV). The absorption rises more
steeply from 5.5 to 6.5 eV in these films than in single-crystal diamond, and the
shape of the high-energy absorption edge is approximately exponential.

1. INTRODUCTION

Diamond has an exceptionally wide intrinsic transparency range, from 0.23 pm in the
ultraviolet (UV) to 2.5 pum in the mid-infrared (IR), and also from 6.5 um to >100 um
in the far-IR region. Because of its excellent transparency and other superior
properties (e.g., high hardness), there is great interest in utilizing synthetic
diamond as a bulk optical material or as a thin-film optical coating material.! At
present, much of the applications interest is focussed on the mid-to-far-IR, but
transmissive optical components for the UV, visible, or near-IR regions are also
possible.

Chemical-vapor-deposited (CVD) diamond films have a polycrystalline growth habit
when grown on nondiamond substrates. The faceted surfaces of the polycrystalline
films give rise to optical scatter, which reduces both the transmittance and the
reflectance.? The size and shape of the facets can be controlled to some extent by
control of the nucleation and growth conditions, but even the finest-grained
polycrystalline films suffer large scatter losses in the visible-UV region.?
Extrinsic absorption, due to defects, impurities, or non-diamond phases, may also
degrade the transmittance. In order to improve the performance of CVD diamond as a
transparent material, it is important to know whether transmittance losses are due




to absorption or to surface scatter. Surface scatter can be reduced by
post-deposition polishing treatments,:3 but extrinsic absorption can, in most
cases, be reduced only by modifying the deposition conditions. (Some of the
absorbing defects might be destroyed by thermal annealing after deposition, although
we do not know of any observation of this effect in CVD diamond).

The refractive index is also an important parameter for optical applications. If,
for example, CVD diamond is used as an anti-reflection coating on a higher index
substrate, then the magnitude of the anti-reflection effect will be determined by
the relationship between the refractive indices of the film and substrate. It is
thus desirable to have optical constant data for CVD diamond films, including both
the refractive index (n) and the absorption coefficient (a). The absorption
coefficient (a) is related to the dimensionless attenuation constant (k) by the
equation a = 4nk/), where )\ is the vacuum wavelength.

We undertook the present study with the goal of determining the optical constants of
thin, fine-grained polycrystalline diamond films from 0.5 to 6.5 eV, or 0.19 to 2.5
pm. We will show here that by measuring the specular reflectance (from both
surfaces) and transmittance spectra of unsupported diamond windows, one can obtain
sufficient information to determine the optical constants in the presence of large
surface scatter losses. In particular, bulk absorption can be distinguished from
surface scatter when both effects are of the same order of magnitude.

2. EXPERIMENTAL PROCEDURE

The diamond films were grown on 2.54 cm diameter {100) oriented silicon wafers in a
commercial microwave-plasma-assisted CVD reactor. To increase the nucleation
density of diamond particles, the substrates were prepared by abrasive
hand-polishing with 1 um size diamond powder.® The deposition conditions were: gas
mixture, 0.2% to 2.0% CH,, remainder H,; nominal substrate holder temperature, 800°
C; microwave power, 600 W; pressure, 1.4x10% Pa; total gas flow rate, 260 cm®/min.
These relatively low-power and low-pressure conditions were selected because they
produce films of more uniform thickness than higher power/pressure conditions, as
noted in a previous study.® (Because of substrate heating by the plasma, and poor
thermal contact between the substrate and holder, the actual temperature at the
substrate surface was probably higher than 800° C.)

Four films were grown, with the following deposition conditions: film #1, 0.2% CH,,
deposition time, 7 hours; film #2, 0.5% CH,, 2.7 hours; film #3, 2.0% CH,, 1.7
hours; film #4, 2.0% CH,, 7 hours. After deposition, an unsupported diamond window
was formed in each specimen by etching a 1.2 cm diameter circular hole in the
silicon substrate.

Specular transmittance and reflectance spectra were recorded in a UV-visible-IR
dual-beam spectrophotometer. For each film, reflectance spectra were measured both
with light incident on the top surface and with light incident on the bottom surface
(the surface exposed by etching). For film #2, transmittance spectra were measured
both with light incident on the top surface and with light incident on the bottom
surface; comparison of these spectra verified that the transmittance is not changed
by reversal of the propagation direction. The angle of incidence was normal to the
film surface for the transmittance measurements, and 11° to the normal for the
reflectance measurements. A 0.8 cm diameter aperture was used to ensure that, for a
given specimen, the illuminated region of the window did not vary from one




measurement to another. Each spectrum was recorded in two overlapping ranges; a
tungsten lamp and PbS photocell were used for the first range, 500-2500 nm (0.5-2.5
eV); a deuterium lamp and photomultiplier tube were used for the second range,
190-600 nm (2.1-6.5 eV). Reflectance spectra were normalized by comparison to a
standard mirror (Al/MgF,) whose reflectance is known to within 2%.

Details of the experimental apparatus for Raman spectroscopy’ have been presented
elsewhere. Raman scattering was excited by the 514.53 nm line of an Ar' laser with
incident power of ~100 mW. The wavenumber scale for the Raman spectrum was
calibrated to an accuracy of ~0.1 cm ' by the use of the atomic spectral lines of
argon and neon vapor lamps.

3. EXPERIMENTAL RESULTS
3.1. Transmittance and reflectance spectroscopy

The transmittance and reflectance spectra of films #1 to #4 are plotted in Fig.
1(a)-1(d), respectively. Each figure contains three spectra, the transmittance and
the reflectances from the top and bottom surfaces of the window. For conciseness,
we will call the transmittance T, the film reflectance for light incident on the top
surface Ry, and the film reflectance for light incident on the bottom surface R,.
Some general qualitative features of these spectra are pointed out here; a
quantitative analysis is provided in the following section. All of the spectra show
interference fringes, which arise from phase-coherent multiple reflections from the
top and bottom surfaces. The interference fringe spacing is inversely proportional
to the product of the film thickness and refractive index. Thus, the fringes are
most closely spaced for film #4, which is several times thicker than the other
films. Also, the fringe spacing for a given film decreases with increasing photon
energy, which is especially observable in the UV region, because the refractive
index increases with increasing photon energy.

For all spectra, both the interference fringe amplitude and the average intensity
(midway between the interference maxima and minima) decrease with increasing photon
energy. When the T, R;, and R, spectra for a given film are compared, the following
trends can be seen. The interference amplitude decreases most rapidly with
increasing photon energy for T, next most rapidly for R,, and least rapidly for R;.
On the other hand, the average intensity decreases least rapidly for R,. R, is
significantly larger than either R; or T at the maximum photon energy. We will show
that these effects are due to a combination of surface scatter and bulk absorption.

3.2. Raman spectroscopy

Raman spectra7 of films #1 to #4 are shown in Fig. 2. All spectra are plotted
together for comparison in Fig. 2(a); the spectra of films #3 and #4 are replotted
on an expanded scale in Fig. 2(b) to better display their fine structure. Note that
the spectra have been multiplied by scale factors for ease of visual comparison; the
scale factors were selected to make the apparent intensity of one feature (the broad
peak at ~1500 cm™ ') the same in each spectrum. Also, the spectra are offset
vertically to avoid overlap. Finally, the photoluminescence (or, equivalently,
fluorescence) background, which is commonly observed in the Raman spectroscopy of
CVD diamond, was subtracted from each spectrum by numerical fitting to a polynomial
function. The photoluminescence background before subtraction was several times
more intense for films #1 and #2 than for films #3 and #4. Statistical
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Fig. 1. Transmittance (T), top reflectance (R;) and bottom reflectance (R,) of four
diamond films. T, R;, and R, spectra are offset vertically but drawn to the same
scale; the full length of the vertical axis is 200% of full scale. (a) Film #1:
grown from 0.2%X CH, in H, mixture, 0.66 um thick. (b) Film #2: 0.5% CH,, 0.46 um
thick. (¢) Film #3: 2.0X CH,, 0.42 pm thick. (d) Film #4: 2.0%X CH,, 1.9 pm thick.

fluctuations in the photoluminescence background give rise to noise which cannot be
eliminated by subtraction; this explains the relatively high noise level in the
spectra of films #1 and #2.

The Raman signature of crystalline diamond is a narrow line at 1332 cm™!. A narrow
line at approximately this wavenumber can be seen in each spectrum, but the relative
intensity of the narrow line, compared to the other spectral features, decreases
with increasing methane fraction in the deposition process (0.2% for #1, 0.5% for
#2, and 2.0% for #3 and #4). The peak of the narrow line is at the expected
wavenumber position for films #1 and #2, but for films #3 and #4 the narrow line is
downshifted to 1320 cm™!. The full width at half maximum (FWHM) of the narrow line
is <12 em™! for all films.
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Fig. 2. Raman spectra of diamond windows, excited by 514.5 nm (2.410 eV) line of
Ar* laser with incident intensity of ~0.1 W. Photoluminescence backgrounds have
been subtracted; spectra are offset vertically and rescaled for ease of comparison.
(a) Windows #1 to #4. (b) Windows #3 and #4; expanded scale.

The broad peak at ~1500 cm !, with a FWHM of 200 cm™!, occurs in all four films.

The peak position of the broad peak appears to be slightly lower for films #3 and #4
than for films #1 and #2. The spectra of films #3 and #4 also contain another
distinct peak on the low-wavenumber side of the diamond line. The low-wavenumber
peak is located at 1130 cm'! and has a FWHM of ~50 cm™!. This peak may also occur
in the spectrum of film #2, but is difficult to discern in the latter spectrum
because of the poorer signal-to-noise ratio. The origin of the 1130 cm™! and 1500

cm™! peaks will be discussed later.

4. DATA ANALYSIS
4.1. Transmittance and reflectance of a thin film with rough surfaces

In order to obtain the optical constants of these films from an analysis of the
specular transmittance (T) and reflectance (R; and R,) spectra shown in Fig. 1, one
must first write down the equations that express T, R,, and R, as functions of the
optical constants (n, k) or (n, a) and of surface scatter losses. These equations
can be derived from the well-known equations for the transmittance and reflectance
of a thin film without surface scatter, and reduce to the scatter-free equations
when the loss factors S;, Sgy, and S;y (defined below) are equal to unity. It is
assumed here that the angle of incidence is normal to the film surface, and that
there are air interfaces on both sides of the film. The derivation of these
equations will be discussed in more detail in a future publication.®

T = Ar / [1 - 2Br cos(®+28) + B?r?] (1)
R; = [C;% - 2C,D;7 cos(®) + D272} / [1 - 2Br cos(®+28) + B?r?] 2)
R, = [C,%2 - 2C,D,1 cos(®) + D,272] / [1 - 2Br cos(®+28) + BZr?] (3)




The parameters of Eqs. (1)-(3) are defined as follows:

A =8S1,% 5;,2 T, (4) B = S;y; Sinz Ro (5)
C; = Sgx: JRg (6) Dy = [(1-Ry)Syy+RySpx1Sin1] Sinz2/Re (7)
C; = Sexz JRo (8) D, = [(1-Rg)Sy,+RoSgx2S1n2) Simi/Re  (9)
r = e @ = g 4nkd/A (10) & = 4and/) (11)
§ = tan"![2k/(n%+k?-1)] (in range -x/2 < § < n/2) (12)
Ty = 16(n%+k?) / [(n+1)%+k?)2 (13) Ry = [(n-1)24k?] / [(n+1)2+4Kk?] (14)
Sex; = expl-X(4xo, /A)?) (15)  Spy; = exp(-%(4mna, /A)?) (16)
Sy; = exp(-%{2x(n-1)0,/2]1%) (for i = 1,2) (17)

In these equations, d is the film thickness; A is the free-space wavelength; and o,
and o, are, respectively, the root-mean-squared (r.m.s.) surface roughnesses of the
top and bottom surfaces. Some of the defined quantities can be interpreted as
follows: r is the internal transmittance due to bulk absorption losses; ¢ (or & +
26) determines the periodicity of the interference fringe pattern; T, is the
scatter-free and absorption-free film transmittance, which is less than unity
because of surface reflection losses; R, is the scatter-free surface reflectivity;
and Spy;, Syy;., and Sy; are the surface-scatter loss factors for, respectively,
external reflectance (with incident and reflected beams outside the film), internal
reflectance (with incident and reflected beams inside the film), and transmittance
(in either direction). In the above equations, notice that if k<<n, then the
parameters T,, R,, A, B, C;, D;, C,, D, are effectively independent of k, and § = 0.

According to Egqs. (15)-(17), the surface-scatter losses at a given wavelength depend
only on the refractive index and the surface roughnesses o; and o,. Our model for
the surface-scatter losses [Eqs. (15)-(17)] is taken from the previous work of
Filinski® and Gatesman et al.!® A similar, but more empirical, model for the
effects of surface scatter on optical properties was presented by Bi et al.l!

As stated in the Experimental Results section, the angle of incidence (#) is 11° to
the normal for reflectance measurements. The parameters &, 7, and Sgy, S;y, and S;
should thus be modified in Eqs. (2) and (3) to account for the #-dependence of the
optical path lengths. (The factors T, and R, are also dependent on 4, and, for 6>0,
on polarization, but these dependencies have little effect on T and R for small
angles, and will thus be neglected.) The f#-dependent parameter values are

® = 4mnyd/A (18) r = exp(-ad(n/nyg)) (19)
Sgxy = expl-%(4xo, cos(8)/A)?) (20) Sy, = exp{-%(4mnyo, /A)?) (21)
Sy = exp{-%[2n(ny-cos(8))a, /2]1%) (22) where n, = (n?-sin?(4))1/? (23)

4.2. Determination of optical constants

In order to fit Eqs. (1)-(3) to the experimental data, it is necessary to express
n(E) and a(E) as specific functions with adjustable parameters. The function used
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to represent n(E) is
n(E) = ny + An(E) = ny + n;E? + nyE*/[1-nyE?} (24)
The parameter values for single-crystal diamond, obtained by fitting standard

refractive index data (tabulated in a handbook!?), are nyg=2.377, n,;=0.0086 (eV) 2,
n2-4.7x10'5 (eV) %, and nz~0.0155 (eV)"%2. The function used to represent a(E) is

a(E) = a,-¢ + Qhandgap (29)
where a,.c(E) = ag,(E - Eg,)2/E (for E = Eq,) (26)
and abandgap(E) = aozexP(E/Eoz) + c3adia(E) (27)

The adjustable parameters of a(E) are ag,, Ej;, a3, Epj,, and c¢3. The functional
form of Eq. (26), the Taucs function, is often used to fit the absorption spectra of
amorphous semiconductors or insulators. In Eq. (27), a4,,(E) is the above-bandgap
absorption spectrum of type Ila single-crystal diamond.!?

In principle, all free parameters may be determined by a simultaneous fit of the
full T, R;, and R, spectra to Egs. (1)-(3). This procedure worked well for a(E), o,
and 0, , but not for n(E) and d. The latter quantities were, instead, determined by
selective fitting to portions of the experimental spectra. First, n, was found by
fitting the low-energy (E < 2 eV) portion of the transmittance spectrum. The
dispersive part of n(E), scatter and absorption all become small at low photon
energy. The following equation thus holds in the low photon energy limit:

Tmin / Tmax = 4“02 / (n02+1)2 (28)
where Tg,n is the transmittance at an interference wminimum and T,,, is the
transmittance at an interference maximum. The parameters n; and n, and the film
thickness d were then determined from the photon energy dependence of the

interference fringe frequency. (Variation of n; did not improve the fit to the
data; n, was therefore fixed at its single-crystal value.)

$(E) = 4nn(E)d/XA = &4wnyd/A + 4xd/A(nE2 + n,E*/{1-nyE?}) 29

The interference fringe amplitude at high photon energy is larger for R; than for R,
or T; therefore, only R, data were used to find n; and n,.

Table I lists the fitted values of all parameters. The difference between the
fitted values of n(E) [Eq. (24)] for windows #1 to #3 and for single-crystal diamond
is plotted in Fig. 3. It can be seen that the refractive indices of the films are
similar to that of single-crystal diamond. The difference is largest (n is reduced
most) for film #3. We could not make an accurate estimate of An(E) for window #4
because of the small amplitude of the interference fringes at high photon energy
[see Fig. 1(d)]). Therefore, the results shown in Fig. 3 do not include window #4.
Because of other similarities, however, it is likely that An(E) of window #4 closely
resembles that of window #3.

After n(E) and d have been obtained, a(E), o, and o, are found by a simultaneous
least-squares fit of Eqs. (1)-(3), and Eqs. (25)-(27) for a(E), to the experimental
data. (The fitted data points were spaced every 0.01 eV from 0.5 to 6.5 eV.) The
films are founi to be weakly absorbing in the sense that k<<n (where k = al/47n). 1In




Table I. Film thicknesses, r.m.s. surface roughnesses, and optical constant
parameters for CVD diamond windows (parameters that determine n(E) and a(E) are
defined in the text). Symbol (X) indicates undetermined parameters; (-) indicates
undefined parameters for single crystal.

single
Parameter film #1 film #2 film #3 film #4 crystal
d (um) 0.66 0.46 0.42 1.90 .
gy (pm) 0.0332 0.0218 0.0138 0.0179 -
(top)
o, (um) 0.0078 0.0067 0.0049 0.0062 -
(bottom)
n, 2.374 2.364 2.334 2.30 2.377
n, 9.4x10°3 8.3x10°° 7.1x1073 X 8.6x10°3
n, 4.7x1073 4.7x10°3 4.4x10° 3 X 4.7x10°3
ag, X 2190 6340 7620 0.0
(cm™! ev'1)
Eg, (eV) X 2.08 1.14 1.07 .
ap, (cm™1) X 2.0x10°¢ 0.41 X 0.0
Eg, (eV) X 0.347 0.564 X -
Csy X 0.54 0.0 X 1.0
0.05
—_—_/
Vo
q 0.00 ¢+ 2
0 ——
3
-0.05¢
A 3
E
£ -0.10t
c
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Fig. 3. Differences between fitted refractive indices of windows #l to #3 and of
single crystal, n(E)-ng, (E). These curves were obtained by fitting data (or, for
single crystal, handbook values!? of n) to the form given by Eq. (24).
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the weakly absorbing case, the fitted values of a(E) can be refined by the following
calculation. First, rewrite Eq. (1) for the fitted transmittance:

Teyg (E) = Arg, o (E) / [1 - 2Brg,,(E) cos(®+25) + B?r,,  2(E)) (30)

As pointed out earlier, the parameters A, B, and (&+26) are virtually independent of
k (or a) when k<<n; only the internal transmittance r is dependent on a. We can
therefore define new functions (a'(E), r’(E)) that precisely match the experimental
transmittance T,,, (E) while leaving A, B, and (#+2§) unchanged.

Texp(E) = Ar’(E) / [1 - 2Br’(E) cos(®+2§) + B2r'2(E)] (31)
where 7' (E) = exp{-a'(E)d) = expi-(as,,(E) + Aa(E))d) (32)
Eqs. (30), (31), and (32) can be solved for a’(E):

a’'(E) = ag(E) + (1/d) log(h[x + y + 1 + ((x+1)%2+2y(x-1)+y?)}/2]) (33)
where x = Argy,(E) [1/T,yp(E) - 1/T¢ (E)] and y = [B rg;.(E)]? (34)

Improved estimates for the adjustable parameters of Eqs. (25)-(27) can be obtained
by refitting these equations to the refined absorption spectra a’(E). These
improved estimates are the ones listed in Table I. The absorption spectra a'(E) of
films #2, #3, and ##4, as obtained from Eqs. (30)-(34), are plotted in Fig. 4. (It
was not possible to determine a(E) for film #/1 because of the large amount of
surface scatter in that film.) The intrinsic absorption spectrum of single-crystal
diamond (obtained from type IIa natural diamond gems) is also shown in Fig. 4.

According to the results shown in Fig. 4, the absorption coefficient is a
monotonically increasing function of photon energy. Two components are discernable
in the absorption spectra of films #2 and #3, a broad low-energy absorption that
increases almost linearly with increasing photon energy, and a relatively steep
increase in the vicinity of 5.5 eV. These two components correspond respectively to
the two terms a,.c and ap,n4agap iN Eq. (25). Films #3 and #4 were grown under
identical conditions, except that film #4 was grown for a longec time. The latter
two films are thus expected to have similar absorption coefficients. The
experimental results in the region below 5.5 eV meet this expectation; the
absorption coefficient of film #4 cannot be determined in the region above 5.5 eV
because of its greater thickness and correspondingly lower transmittance.

The calculated values of the bandgap component of the absorption spectra of films #2
and #3 are plotted in Fig. 5, together with the absorption spectrum of
single-crystal diamond. The latter spectrum is the same one shown in Fig. 4; the
former spectra are calculated from the equation

a'bandgap(z) = a'(E) - a,_c(E) (35)

Notice that in a narrow spectral region just above 5.5 eV, the magnitude of
@'pandgap for film #2 is very similar to the magnitude of a for single-crystal
diamond. However, a’y,n4g.p iNcreases more rapidly with increasing photon energy in
film #2 than in single-crystal diamond; a’y,,44a.p Oof film #2 thus diverges
significantly from single-crystal values in the 6-6.5 eV region.
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Fig. 4. Absorption spectra a’'(E) of Fig. 5. Bandgap absorption spectra of
diamond windows #2 to #4, calculated by diamond windows #3 and #4, obtained by
method described in text. Spectrum of subtracting the low-energy absorption,
type 1l1a single crystal is plotted for a,-c(E), from the total absorption
comparison. a'(E). Spectrum of type Ila single

crystal is shown for comparison.

5. DISCUSSION

The refractive indices of the most defective films lie within 4% of the refractive
index of single-crystal diamond. The refractive index is thus relatively
insensitive to the defect structures or nondiamond phases that are present in these
specimens. On the other hand, the defective nature of these films has two very
significant effects on the optical absorption spectrum. First, there is the
presence of the broad absorption at low photon energy (the component labelled a,..).
Second, there is the steeper-than-expected increase in absorption near 5.5 eV.

The Taucs function [Eq. (26)] is widely accepted as a good approximation for the
absorption spectra of "diamondlike" amorphous carbon and amorphous hydrogenated
carbon materials with mixed sp? and sp® bonding, as well as other noncrystalline
semiconductors such as amorphous silicon. The presence of this absorption thus
suggests the presence in our films of an amorphous carbon phase similar to
"diamondlike" carbon; that is why we chose the symbol a,... The parameter E;,, the
Taucs energy gap, is believed to be anticorrelated with the extent of the largest
clusters of sp?-bonded carbon atoms.!® The shorter is the maximum cluster length,
the larger is the value of Ej;,. The fitted value of 2.08 eV for film #2 is
consistent with a maximum cluster length of three aromatic rings; the value of 1.1
eV for films #3 and #4 is consistent with a maximum length of six rings.

The absorption coefficient increases more rapidly with increasing photon energy
above 5.5 eV (the indirect bandgap of diamond) in films #2 and #3 than in
single-crystal diamond, and the rate of increase is approximately exponential (see
Eq. (27), Fig. 5, and Table 1). A possible explanation for the excess above-bandgap
absorption lies in the existence of disorder-induced band tails of localized states
above the valence band edge and/or below the conduction band edge. Transitions
involving such band tail states may give rise to extra absorption below the direct
gap at 7.2 eV. The density of states in the band tails typically falls




exponentially away from the band edges; the exponential form of the above-bandgap
absorption thus tends to support the band tail model. The width of the exponential,
Ey2, is larger in film #3 than in film #2, suggesting that the band tails are
broader in the former film. In a previous study of the optical properties of
polycrystalline diamond films, Bi et al.l! also observed an exponential rise in
optical absorption in the neighborhood of 5.5 eV.

The optical absorption data suggest that at least two phases are present: first, =
highly defective crystalline diamond phase with predominantly sp® bonding; and,
second, an amorphous carbon phase with mixed sp? and sp® bonding. This is
consistent with the results of the Raman spectra, where the narrow 1332 cm ! line is
due to crystalline diamond; the broad 1500 cm™! band is due to sp?-bonded carbon in
an amorphous phase; and the 1130 cm ! band and the large downshift of the (nominal)
1332 cm™! line is believed to be due to a partial breakdown of crystalline order in
the diamond phase ("nanocrystalline diamond"). If two phases are present, then they
must be segregated on some length scale, which is not yet known.

The results of this study may have some practical significance for IR optical
applications of CVD diamond. The most defective films, films #3 and #4, are the
most strongly absorbing in the visible and near-IR, but also have the smoothest
surfaces and thus suffer least from optical scatter (see Table 1 and Fig. 4). At
least for film thicknesses < 2 um, these films absorb very little below 1.1 eV, the
Taucs energy gap [Eq. (26)]. Films with these properties should make good
anti-reflection coatings for silicon optics because of their freedom from both
optical absorption and optical scatter at photon energies below the bandgap of
silicon (which, fortuitously, is also 1.1 eV).

6. CONCLUSIONS

The optical ccnstants of fine-grained polycrystalline diamond windows grown by
microwave-plasma-assisted CVD were determined by analysis of transmittance,
top-surface reflectance, and bottom-surface reflectance spectra in the 0.5-6.5 eV
photon energy range. By fitting the data to a model that takes surface scatter into
account, estimates of the r.m.s. surface roughnesses of the top and bottom surfaces
were also obtained. The refractive indices were found to be comparable to or
slightly less than the refractive index of single-crystal diamond. The absorption
spectra were found to consist of two components: a low-energy component, similar to
that of "diamondlike" amorphous carbon materials, described by the Taucs function
a(E) = agy(E-Eq,)%/E (for E>E;,); and a high-energy component that increases sharply
above the indirect bandgap of diamond (5.5 eV). The high-energy componenc increases
at an approximately exponential rate with increasing photon energy, unlike the
bandgap absorption of single-crystal diamond; this behavior is attributed to
disorder-induced band tail states. These results suggest that the films contain
both a highly defective crystalline diamond phase and a "diamondlike" amorphous
carbon phase; the length scale for phase inhomogeneity is not known.
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